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DARPA - Composites Annual Review
November 19-20, 1992

University of Florida, Gainesville, Florida

JIIl Thursday. November 19

1:30-1:45 Opening Remarks - Drs. Wilcox, Coblenz, Fishman
1:45-2:00 Overview - Reza Abbaschian

1 2:00-2:50 SiC Fibers - Chris Batich, Michael Sacks, Bill Toreki

2:50-3:20 Mullite Fibers - Joseph Simmons, Anthony Brennan
. 3:20-3:50 CVD Approaches to Composites - Tim Anderson

3:50-4:00 Break

4:00-6:00 Poster Presentation and Refreshments - Students

Friday. November 20

8:00-8:50 Intermetallic Composites - Michael Kaufman,
Reza Abbaschian

8:50-9:40 ,Ceramic Composites - David Clark, Michael Sacks
9:40-10:10 Tapecast Laminated Composites - Jack Mecholsky

10:10-10:30 Break
10:30-11:15 Future Plan and General Discussions - R. Abbaschian
11:15-12:00 Summary and Comments

12:00-1:30 Lunch
1:30 Informal Subgroup Discussions and Tour of the

Facilities .... ..
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List of Polter Presentations

Arredondo Room - 4:00 pm to 6:00 pm

Fiber SynthesIs/CoatIng

1) "Atomic Layer Epitaxy*
R. Aparlcio, E. Allen, J. Wotan, and T.J. Anderson

2) *Chemical Vapor Infiltrationa
R. Apariclo. E. Allen,* J. Wotan. and T.J. Anderson

3) "Chemical Vapor Deposition of TIC, on Refractory Substrates"Ii~R. Apariclo. E. Allen, J. Wotan, *and T.J. Anderson
4) "Chemical Vapor Infiltration and Atomic Layer Deposition of TIC on Ceramic Substrates"

R. Apariclo, E. Allen, J. Wotan, and T.J. Anderson
5) 'Sol-Gel Processing of Continuous Mutke Based Fibers"

S. AI-Assafi,* T. Cruse, T. Miller, A.B. Brennan, and J.H. Simmons
6) "Sol-Gel Processing of Continuous Mullito Based Fibers"

S. AI-Assafi, T. Cruse,"* T. Miller, A.B. Brennan. and J.H. SimmonsIi7) "Polymer-Derived Silicon Carbide Fibers with Low Oxygen Content and Improved
Thermomechanical Stability"

W. Toreoki, C.D. Batich, M.D. Sacks, M. Saloom.' G.J. Choi, and A. Morrone

Microwave ProcessingIII8) "Microwave Processing of High-Performance Ceramics and Composites"
D.E. Clark, Z. Fathi," A.D. Cozzi, D.C. Folz, 1. Ahmad, S. AI-Assafi, A.S. Do',

9) "Microwave Processing of Sod-Gel-Derived Glass-Ceramics for High Temperature Composite
Matrices"

A.D. CozzI,4 Z. Fathi, and D.E. Clark

J) Ceramilc Matrix Composites.

10) "Fabrication of AMullite and Mullite-Based Composites by Transient Viscous Sintering (TVS) and
Pressure-Assistbd Transient Viscous Sintering (PATVS)a

N. Bozlwrt, G.W. Scheiffelo,* Y.J. Lin, A. Ukiny. and M.D. Sacks
11) "Fabrication of Composites with Low Dielectric Constant Using Microcomposit Particles"

R. Raghunathan, 0 I.Y. Park, G.W. Scheiffele, and M.D. Sacks
12) aProcessing. Microstructure and Properties of SiAIONs Prepared from Microcomposite Particles"

A. Bagwell, R. Raghunathan," and M.D. Sacks
13) "Fabrication of SiC-Based Composites by Reactive Infiltration of Metals (RIM)"

K. Wang," G.W. Scheiffele, P.J. Sanchez-Soto, and M.D. Sacks

I) Indicates Presenter



Intermetallic: Matrix Composites

14) *Processing of Compositionally Tailored Silica-Free MoSi 2/SiC Composites'
S. Jayashankar,* A. Costa e Silva, and M. KaufmanI,15) "Phase Relations in Some Systems Relevant to MoSl2 Processing"
A. Costa e Silva,* S. JaYashankar, and M. Kaufman

16) 'Modelling and Design of Toughened Composites*
L. Xiao. M. Somerday,* and R. Abbaschian

'117) eMicrostructures and Properties Of MoSi2/Nb Coated and Uncoated Interfaces and Their Effects
L. Xiao * and R. Abbaschian

18) aToughenIng and Strengthening Of MoSi2 with SiC Whiskers and Ductile Reinforcement'
L. Xlao * and R. Abbaschian
H. Doty.* L. Lu. A. Gokhale, and R. Abbaschlan

20) *Development and Characterization of Interface Coatings in NIAI Matrix Composites'
P. rihnn*and M. Kaufman

21) wFiber-Reinforced TaTIAI2 Alloy Composites'
1Hwn*and R. Abbaschlan

Mechanical Behavior

22) 'Optimization of Creep and Fracture Properties by Microstructure Design'
B. Do Aragao, * J.R. Castillo, and F. Ebrahimi

23) *Fracture Energy Anisotropy of Single Crystals"
L. Kaiwani* and F. Ebrahimil

24) uToughenlng by Metallic Lamina In Tape Casting Nickel/Alumina Compositese
Z. Chen* and J.J. Mecholsky Jr.

25) "Fracture of CVD Diamond Films on Silicon
Y.L. Tsai* and J.J. Mecholsky Jr.

Other Contributed Posters on Now Processing Technologies

26) "Surface Modification of BaT1O3 Particles Via Oxallc Acid, Polyethyleneimine in Aqueous
Systems' P..R.E. Chodelka' and J.H. Adair

27) *Electrothermal Synthesis Of BaT1O 3 Thin Films at 550 C'
S. Venigalla,* P. Bendale, T. TsulcAda, J.R. Ambrose, and J.H. Adair

28) 'Glycothermal Synthesis of a-A1203 Particles at Ultra-Low Temnperature'
S.B. Cho,* S. Venigalla. R.E. Chodelka, and J.H. Adair

29) 'Monod1spersed Nanosize Pt Particles Using Microemulsion Technique'
V. Nagabushname and J.H. Adair

Indicates Presenter
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HYBRID COMPOSITES

I :,i::::.i}!: : :~~ ~~~.:.:i:!!i . ......: • [....

11W

I.

Ii COMPOSITE ELEMENTS
W Environmentally Stable Matrix With Fine

Dispersions For CTE Matching

I Dispersions For Increased Strength
and Creep Resistance

jHigh Strength, High Aspect Ratio
Reinforcing Phase For High
Temperature Strength

II Ductile Phase Reinforcement
For Low Temperature Toughness

J Interfacial Tailoring For Optimum
Mechanical and Chemical Stability
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LIST OF PUBLICATIONS

1. K.R. Venkatachari, LT. Moeti, M.D. Sacks, and J.H. Simmons, "Preparation of
Mullite-Based Fibers by Sol-Gel Processing," Ceram. Eng. Sci. Proc., 11 (9-10) pp.
1512-1525 (1990).

2. S-M. Sim and D.E. Clark, "Preparation of Zirconia Fibers by the Sol-Gel Method,"
Ceram. Eng. Sci. Proc., 10 (9-10) pp. 1271-1282 (1989).

3. S-M. Sim, A. Morrone, and D.E. Clark, "Processing and Microstructure of Y-

TZP/A12 0 3 Fibers," Proceedings of the 14th Annual Conference on Composites and
Advanced Ceramics held on January 14-17, 1990 in Cocoa Beach, FL Published inIf Ceram. Eng. Sci. Proc., 11 (9-10) pp. 1712-1728 (1990).

4. S-M. Sim, "Processing and Microstructural Characterization of Alumina-Dispersed
Zirconia Fibers," Doctoral dissertation, University of Florida (1990).

5. W. Toreki and C.D. Batich, "Effects of Molecular Weight and Cross-Linking on Two
". . Preceramic Polymers," presented at the American Chemical Society National Meeting

in Miami Beach, FL, September 1989. Published in Polymer Preprints, 30 (2) pp. 237-
238 (1989).

6. W. Toreki, C.D. Batich, M.D. Sacks, and A.A. Morrone, "Synthesis and Applications
of a Vinylsilazane Preceramic Polymer," Ceram. Eng. Sci. Proc., 11 (9-10) pp. 1371-

III 1386 (1990).
7. W. Toreki, NA Creed, and C.D. Batich, "Silicon-Containing Vinyl Polymers as

Precursors to Ceramic Materials," Polymer Preprints, 31 (2) pp. 611-612 (1990).

8. W. Toreki, "Pofymeric Precursors to Ceramics-A Review," feature article in Polymer
News, 16 (1) pp. 6-14 (1991).

II 9. W. Toreki, C.D. Batich, and GJ. Choi, "High Molecular Weight Polycarbosilane as a
Precursor to Oxygen-Free SiC Fibers," presented at The ACS National Meeting in New
York, August, 1991. Published in Polymer Preprints, 32 (2) (1991).

10. W. Toreki, C.D. Batich, M.D. Sacks, M. Saleem, G.J. Choi, and A.A. Marrone,
"Polymer-Derived Silicon Carbide Fibers with Low Oxygen Content and Improved
Thermomechanical Stability," to be published in the Journal of Composites Science and
Technology.
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11. W. Toreki, C. Batich, M.D. Sacks, M. Saleem, and G. Choi, "Polymer-Derived Silicon
Carbide Fibers with Improved Thermomechanical Stability," pp. 761-769 in Better
Ceramics Through Chemistry V, edited by MJ. Hampden-Smith, W.G. Klemperer, and
C.J. Brinker, Mat. Res. Soc. Symp. Proc., Vol. 271, Materials Research Society,
Pittsburgh, PA (1992).

12. W. Toreki, GJ. Choi, C. Batich, M.D. Sacks, and M. Saleem, "Polymer-Derived Silicon
Carbide Fibers with Low Oxygen Content, Ceram. Eng. Sci. Proc., 13 (9-10) pp. 198-

208 (1992).
13. R. Aparicio, J.L Ponthenier, F. Hong, and T.J. Anderson, M.D. Sacks, and G. Johnson,

"Chemical Vapor Deposition on TiC, on A120 3 Substrates," Ceram. Eng. Sci. Proc., 10(9-10) pp. 1462-1471 (1989).

14. M.S. Dariel, R. Aparicio, TJ. Anderson, and M.D. Sacks, "CVD of TiCý on Refractory
Materials," Proc. 11th International Conference on Chemical Vapor Deposition,
Seattle, WA (1990).

uI ~ 15. R. Aparicio, E.F. Allen, J. Anderson, and M.D. Sacks, "CVD of TiC, on Single Crystal
A120 3," pp. 145-152 in Advanced Composites Materials, Ceramic Transactions, Vol. 19,
edited by M.D. Sacks, American Ceramic Society, Westerville, OH (1991).

16. H.-W. Lee and M.D. Sacks, "Pressureless Sintering of A1203/SiC Whisker Composites,"
Ceram. Eng. Sci. Proc., 10 (9-10) pp. 720-729 (1989).

17. H.-W. Lee and M.D. Sacks, "Pressureless Sintering of SiC-Whisker-Reinforced A120 3
Composites: I, Effect of Matrix Powder Surface Area," Journal of the American
Ceramic Society, 73 (7) pp. 1884-1893 (1990).

18. H.-W. Lee and M.D. Sacks, "Pressureless Sintering bf SiC-Whisker-Reinforced A120 3
Composites: II, Effect of Sintering Additives and Green Body Infiltration," Journal of
the American £Aramic Society, 73 (7) pp. 1894-1900 (1990).

19. M.D. Sacks, N. Bozkurt, and G.W. Scheiffele, "Transient Viscous Sintering of Mullite
and Mullite-Matrix Composites," pp. 111-123 in Advanced Composite Materials,
Ceramic Transactions, Vol. 19, edited by M.D. Sacks, American Ceramic Society,II
Westerville, OH, (1991).

20. M.D. Sacks, M.S. Randall, G.W. Scheiffele, and J.H. Simmons, "Processing of Silicate
Glass/Silicon Nitride Composites with Controlled Microporosity," pp. 407-420 in
Advanced Composite Materials, Ceramic Transactions, Vol. 19, edited by M.D. Sacks,
American Ceramic Society, Westerville, OH, (1991).
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I 21. M.D. Sacks, G.W. Scheiffele, N. Bozkurt, R. Raghunathan, and A.E. Bagwell,
"Processing of Composite Powders: Fabrication of Ceramics and Composites by
Viscous Sintering and Transient Viscous Sintering," pp. 557-575 in Chemical Processing
of Advanced Materials, edited by LL Hench, J. West, and D.R. Ulrich, Wiley, NY
(1992).

22. M.D. Sacks, G.W. Scheiffele, N. Bozkurt, and R. Raghunathan, "Fabrication of
Ceramics and Composites by Viscous and Transient Viscous Sintering of Composite
Particles," pp. 437-455 in Ceramic Powder Science IV, Ceramic Transactions, Vol. 23,
edited by S.-I. Hirano, G.L Messing, and H. Hausner, American Ceramic Society,
Westerville, OH (1991).

23. M.D. Sacks, N. Bozkurt, and G.W. Scheiffele, "Fabrication of Mullite and Mullite-
Matrix Composites by Transient Viscous Sintering of Composite Powders," Journal ofthe American Ceramic Society, 74 (10) pp. 2428-2437 (1991).

24. L. Lu, Y.S. Kim, A.B. Gokhale, and R. Abbaschian, "Reactive Synthesis of NbAl3
Matrix Composites," in Intermetallic Matrix Composites. edited by D.L Anton et al.,
MRS, 1990, Vol. 194, pp. 79-87.

25. L Lu, A.B. Gokhale, MJ. Kaufman, and R. Abbaschian, "Niobium Aluminide Matrix
Composites Produced by the Reactive Hot Compaction of Elemental Powders," in
Powder Metallurgy: Key to Advanced Materials Technology. ASM, 1990, pp. 32-36.

26. A.B. Gokhale, L Lu, and R. Abbaschian, "Interface Reactions in Melt Infiltration
Processed Intermetallic Matrix Composites," in Solidification of Metal Matrix
Composites P. Rohatgi, Ed., 1990, pp. 115-131.

27. R.E. Erickson, D.R. Baker, and MJ. Kaufman, "Microstructural Development and
Second Phase Toughening of NbA13," Proceedins of the 3rd Annual HITEMP Reviw
NASA Conference Publication 10051, (1990) p.2 2-1.

28. L Lu, A.B. Gokhale, and R. Abbaschian, "In-situ Formation of an Alumina Interface
Coating in Reactively Synthesized NbAl3-Nb Composites," Materials Science and
Engineering, A133, pp. 11-23 (1991).

29. L Xiao, Y.S. Kim, and R. Abbaschian, "Ductile Phase Toughening of MoSi2-Chemical
Compatibility and Fracture Toughness," Intermetallic Matrix Composites edited by
D.L. Anton et al., MRS, 1990, Vol. 194, pp. 399-404.

30. J.D. Cotton, Y.S. Kim, and MJ. Kaufman, "Intrinsic Second Phase Particles in Powder-
Processed MoSi2," Materials Science and Engineering, A144, p. 287 (1991).

31. L Xiao, Y.S. Kim, R. Abbaschian, and RJ. Hecht, "Processing and Mechanical
Properties of Niobium-Reinforced MoSi2 Composites," Materials Science and
Engineering, Vol. A144, 1991, pp. 277-285.a,

II
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32. L. Xiao and R. Abbaschian, "On the Strength and Stiffness of Ductile Phase
Reinforced MoSi, Composites," in Advanced Metal-Matrix Composites for Elevated
ITMpnrature., ASM International, 1991, pp. 21-31.

33. L Xiao and R. Abbaschian, "The Role of Matrix/Reinforcement Interfaces in the
Fracture Toughness of Ductile Phase Reinforced MoSi2 Composites," to be published
in Advanced Metal-Matrix Compsites for Elevated Temratures. Proceedings of 1991
TMS Fall Meeting, Cincinnati, OH, October, 1991.

34. L Xiao and R. Abbaschian, "Evaluating a Technique for Determining the Toughening
of Brittle Matrix by Ductile Reinforcements," in Advanced Metal-Matrix Composites
for Elevated Temperatures ASM International, 1991, pp. 33-40.

35. Y.S. Kim, M.R. Johnson, MJ. Kaufman, and R. Abbaschian, "Effect of Ceramic
Dispersoids on the High Temperature Strength of Mechanically Alloyed MoSi2," MRS,
Higb-Temperature Ordered Intermetallic Alloys IV Vol. 213, 1991, p. 839.

36. L Xiao and R. Abbaschian, "Microstructure and Properties of MoSid/Nb Interfaces
With and Without Alumina Coating," Structure and Properties of Interfaces in
MateriaIs Proceeding of MRS Symposium, 1992, Vol. 238, pp. 567-573.

37. L Xiao and R. Abbaschian, "Interfacial Modification in Nb/MoSi2 Composites and Its
Effects on Fracture Toughness," Journal of Materials Science and Engineering, 1992,
Vol. A155, pp. 135-145.

38. L Xiao and R. Abbaschian, "Role of Matrix/Reinforcement Interfaces in the Fracture
Toughness of Brittle Materials Toughened by Ductile Reinforcements," Metallurgical
Transactions, 199, Vol. 23A, pp. 2863-2872.

39. L Xiao, "Study of the Flow Behavior of Constrained .Ductile Phases - I. Experiment,"
in Develooments in Ceramic and Metal-Matrix C~moMZtes edited by K. Upadhya,

TMS, 1-992, pp.,15-124.

40. L Xiao, "Study of the Flow Behavior of Constrained Ductile Phases - II, Modeling,"
ibid., pp. 359-369.

41. L Xiao and R. Abbaschian, "Flow Behaviors of Constrained Ductile Phases," to appear
in Metall. Trans. A.

42. L Xiao and R. Abbaschian, "Control of the Interfacial Reactions in Nb Reinforced
MoSi2 Composites," submitted to J. American Ceramic Society.

43. S. Jayashankar, I. Harangazo, and MJ. Kaufman, "Origin and Control of Second Phase
Particles in Powder Processed MoSi2," (in preparation).
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44. S. Jayashankar, I. Harangazo, Y.S. Kim, and MJ. Kaufman, "Powder Processing of
MoXi2," (in preparation).

45. M.L Weaver, S.L Guy, R.K. Stone, and MJ. Kaufman, "An Investigation of Phase
Equilibrium in the Ternary Ta-Ti-Al System," Materials Research Society Symposium
Proceedings, 213, 163 (1991).

I 46. M.L Weaver and MJ. Kaufman, "An Investigation of Al2Ta and Related Phases in the
Ternary Al-Ta-Ti System," Scripta Metallurgica et Materialia, 26, p. 411 (1992).

47. M.L Weaver and MJ. Kaufman, "Phase Relationships and Transformations in the
Ternary Aluminum-Titanium Tantalum System," (in preparation).

48. I. Abrmad, R.C. Dalton, and D.E. Clark, "Unique Application of Microwave Energy to

the Processing of Ceramic Materials," J. of Microwave Power and Electromagnetic
Energy, 26 (3) 128-38 (1991), awarded Best Journal Article of 1991 by the
International Microwave Power Institute (publishers of the journal).

49. R.C. Dalton, I Ahmad, and D.E. Clark, "Combustion Synthesis Using Microwave
Energy," Ceram. Eng. Sci. Proc., 11 (9-10) 1729-1742 (1990).

" 50. A.S. D6, L Ahmad, E.D. Whitney, and D.E. Clark, "Effect of Green Microstructure on
Microwave Processing of Alumina: Effect of Particle Size," Ceram. Eng. Sci. Proc., 11
(9-10) 1743-53 (1990), awarded second place for the Student Poster Competition at the
1990 Conference on Composites and Advanced Ceramics in Cocoa Beach, FL.

51. A. D6, I. Ahmad, E.D. Whitney, and D.E. Clark, "Effect of Green Microstructure and
Processing Variables on the Microwave Sintering of Alumina," Microwave Prcesing

o MaterialII, W.B. Snyder, W.H. Sutton, M.F. Iskander, and D.L Johnson, eds., Mat.
Res. Soc. Symp. Proc. 189, 283-88 (1990).

52. A.S. D6, "UltraRapid Sintering of Alumina with Microwave Energy at 2.45 GHz,"
Master's Thesis, University of Florida (1990).

53. D.E. Clark, 1. Ahmad, and R.C. Dalton, "Microwave Ignition and Combustion Synthesis
of Composites," Materials Science and Engineering, A144, pp. 91-97, 1990.

54. I. Ahmad and D.E. Clark, "Effect of Microwave Heating on Solid State Reactions of
Ceramics," Microwaves: Theory and Application in Materials Processing, D.E. Clark,
F.D. Gac, and W.H. Sutton, eds, Ceramic Transactions, 21, pp. 605-612, 1991.

55. A.S. D6, 1. Ahmad, E.D. Whitney, and D.E. Clark, "Microwave (Hybrid) Heating of
Alumina at 2.45 GHz: I. Microstructural Uniformity and Homogeneity," Microway.s
Theory and Application in Materials Processing D.E. Clark, F.D. Gac, and W.H.
Sutton, eds., Ceramic Transactions, 21, pp. 319-328, 1991.

IJ
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56. A.S. D6, I. Ahmad, E.D. Whitney, and D.E. Clark, "Microwave (Hybrid) Heating of
Alumina at 2.45 GHz: II. Effect of Processing Variables, Heating Rates and Particle
Size," Microwaves: Theory and Application in Materials Processing. D.E. Clark, F.D.
Gac, and W.H. Sutton, eds., Ceramic Transactions, 21, pp. 329-340, 1991.

57. Z. Fathi, I. Ahmad, J.H. Simmons, D.E. Clark, and A.R. Lodding, "Surface
Modification of Sodium Aluninosilicate Glasses Using Microwave Energy,"
Microwaves@ Theory and Application Materials Processing D.E. Clark, F.D. Gac,
and W.H. Sutton, eds., Ceramic Transactions, 21, pp. 623-630, (1991), awarded second
place in the Student Poster Contest.

58. S. Al-Assafi, I. Ahmad, and D.E. Clark, "Microwave Joining of Ceramics," Microwaves:
Theory and Application in Materials Processing. D.E. Clark, F.D. Gac, and W.H.
Sutton, eds., Ceramic Transactions, 21, pp. 515-522, 1991.

59. D.E. Clark and D.C. Folz, "Microwave Processing Activities at the University of
Florida," Microwaves: Theory and Application in Materials Processing. D.E. Clark,
F.D. Gac, and W.H. Sutton, eds., Ceramic Transactions, 21, pp. 29-34, 1991.

60. Z. Fathi, A.D. Cozzi, and D.E. Clark, "Novel Technique for Surface Modification of
Ceramics," Ceram. Eng. Sci. Proc., 13 (9-10) pp. 1066-1072, 1992, awarded Best of

SShow at the 1992 Conference on Advanced Ceramics and Composites in Cocoa Beach,
FL

61. S. Al-Assafi and D.E. Clark, "Use of AIOOH Gel in Microwave Joining of Alumina,"
Ceram. Eng. Sci. Proc., 13 (9-10) pp. 1073-1080, 1992.

62. A.D. Cozzi, Z. Fathi, and D.E. Clark, "Nucleation and Crystallization of Li 2O 2SiO2
in a 2.45 GHz- Microwave Field," submitted for poster session at the 1993 Conference
on Composites and Advanced Ceramics in Cocoa Beach, FL

63. Z. Fathi, I. Ahmad, and D.E. Clark, "Surface Modification of Single Crystal Alumina
Using Microwave Energy," submitted for poster session at the 1993 Conference on
Composites and Advanced Ceramics in Cocoa Beach, FL

64. B.V. Sankar, "A Finite Element for Modeling Delaminations in Composite Beams,"
accepted for publication in Journal of Computers and Structures.

65. B.V. Sankar and S. Hu, "Dynamic Delamination Propagation in Composite Beams,"
accepted for publication in Journal of Composite Materials.

66. B.V. Sankar and M.A. Pinheiro, "An Offset Beam Finite Element for Fracture Analysis
of Delaminations," AIAA Paper Number 90-1024-CP, 31st Structures, Structural
Dynamics and Materials Conference, April, 1990, pp. 1227-1233.
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67. D.T. Hoeizer and F. Ebrahimi, "An Investigation of Phase Stability in the Ternary
Niobium-Titanium-Aluminum System," the TMS Proceedings of the Symposium on
"High Temperature Nb Alloys," pp. 105-119 (1991).

Ii 68. D.T. Hoelzer and F. Ebrahimi, "Phase Stability of Sigma + Beta Microstructures in the

Ternary Nb-Ti-Al System," MRS Proceedings, 94, pp. 393-398 (1990).

mi 69. F. Ebrahimi, "Probability of Intergranular Fracture in Intrinsically Brittle Materials,.

Scripta Metallurgica et Materialia, 25, pp. 1737-1740 (1991).

70. F. Ebrahimi and J.R. Castillo-Gomez, 'The Effect of Plastic Deformation on Fracture
Morphology of the Sigma Phase in the Nb-Ti-Al System," submitted to Acta
Metallurgica et Materialia (1991).

71. F. Ebrahimi, D.T. Hoelzer, and J.R. Castillo-Gomez, "Fracture Paths in a + X
fMicrostructures in the Nb-Ti-Al System, submitted to the ASTM Symposium on

Fractography of Modem Engineering Materials.

72. A.A. Morrone, W. Toreki, and C.D. Batich, "TEM Microstructural Analysis of Ceramic
Powders Derived from the Pyrolysis of Polyvinylsilazane," Materials Letters, 11 (1,2)
19 (1991).

73. S. Jayashankar and MJ. Kaufman "In-Situ Reinforced MoSiz Composites by
Mechanical Alloying," Scripta Metallugica et Materialia, 26, 1245 (1992).

74. S. Jayashankar and MJ. Kaufman, "Tailored MoSidSiX Composites by Mechanical
Alloying," submitted to J. Materials Research.

75. A. Costa e Silva, S. Jayashankar, P. Krishnan, and MJ. Kaufman, "Novel Processing
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NICALONT "SILICON CARBIDE" FIBERS

SProcesnug: Melt Spinning of Polycarbosilane, Oxygen Cross-Unking,
Pyrolysis

Structure: Continuous, Fine-Diameter Fibers; Weakly Crystalline,
Fine-Grained SiC; Large Excess of Oxygen and Carbon

Propertie: High Tensile Strength, High Rupture Strain, Low Modulus,

Poor Thermal Stability

I
I.
I
I
I
I!



I
I

CONTINUOUS SILICON CARBIDE FIBERS (Yajima et al.)

Polydimethylsilane

I450-470OC/14 h
Argon/Autoclave

Polycarbosilane

S280 0C Vacuum

Polycarbosilane (Mn< 1750)

350°C/N2

Melt Spun Fibers

150°C/5 h/Air

Oxygen-Crosslinked Fibers

1 1 000-1200°C/lnert Atmosphere

"SIC" Fibers (8-15 wt%/ Oxygen)I
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II DEGRADATION OF NICALON FIBERS

Ij * Reactions Involving S10 2 and Excess C

0i Large Weight Losses - Volatilization of CO, SIO

I * Development of Porosity and Growth of Flaws

H Rapid Grain Growth

I'

II
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I' Organosilicon Polymer-Derived

Hi-Nicalon (Nippon Carbon Co.)' - melt spun, radiation-cured, low oxygen
content, excess carbon, good thermal stability, high tensile strength,
improved elastic modulus

I' Lipowitz et al.2 (Dow Coming Corp.) - melt spun, oxygen cross-linking and
boron doping, near stoichiometric SiC, good thermal stability, high tensile
strength and high elastic modulus, heterogeneous microstructure, continuous?

IJ SiC Powder-Derived

Frechette at al." (Carborundum Co.) - powder/polymer malt extrusion, larger
fiber diameter (a: 25 pm), near stoichiomafric SIC, good thermal stability, low
tensile strength, high elastic modulus

Silverman et al.' (Du Pont Co.) - slurry-processed (with organosilicon binder),
larger fiber diameter (a 25 pm), near stoichiometric SiC, good thermal
stability, low tensile strength, high elastic modulus

1. M. Takeda at al., Ceram. Eng. Sd. Proc., _U 17-81 209-217 (1992).
2. J. Upowltz et al., Ceram. Eng. Sd. Proc., 12 [9-101 1819-1831 (1991).
3: F. Frechette Mt al, Ceram. Eng. Sd. Proc., 12 [7-8 992-1006 (1991).

U4. L.A. Silverman at al., J. Appi. Polymer Sl.: Appi. Polymer Syrp., 47 99-109 (1991).
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Synthesis of continuous SIC fibers with small diameter, high tensile

strength, and good thermomechanical stability

Ii

* Fabricate SIC fibers with low oxygen content

* Dry spinning of organosaicon polymers without oxidative or Irradiative

II curing stepIi
II
II
II-.

I!
|1
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CONTINUOUS SILICON CARBIDE FIBERS (Toreki et al.)

Poydimethysiane

II ' Heat TreatmentII
Polycarbosilane

Solution/Filtration
Precipitation/Filtration
60c/ Vacuum

Polycarbosliane (Mp = 5,000-10,000)

Solvent, Spinning Aids, etc.

Spinning Dope

Dry Spinning

Ambient Atmosphere

Green Fibers

I Pyrolysis (-1 0000 C)

"S"Fibers (<2 wto Oxygen)

I'~CIFbr

I
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KEY PROCESSING VARIABLES

Polvoarbosilane Molecular Weiaht

MW < 5,000 Highly soluble, but melts; Low ceramic yield

MW > 10,000 Does not melt, but Insoluble; High ceramic yield

MW , 5,000-10,000 Does not melt, highly soluble; High ceramic yield

PolymerlSolvent Ratio in Soinning Do2e

Excess of solvent - fibers stick together

Deficiency of solvent - difficult to extrude, rough fiber surfaces

I " Optimum ratio - excellent spinnability, relatively smooth fiber surfaces

USoinning Aids" (e.g.. PIB. PVS. etc.)

Modify solution rheological characteristics

Modify "green" fiber properties

I
I
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MECHANICAL PROPERTIES OF GREEN AND PARTIALLY-PYROLYZED FIBERS

Tensile Strenath (MPal Ruature Strain (%)

UF Fibers
Green (as-spun) 20 1.0

UF Fibers
(4000C) 44-52 3.5-7.6

I Nicalon-type Fibers*
(4000C) -50 -4

Y. Hase9aws, M. limura, Snd S. Yajima, J. Mater. Sci., 1720-728 (1980)
I

I *

I
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UF Fibers

Argon 10C/mln I h at 1550 OC

Ii 100
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S-

II ®

Ii ~ ~~~75 _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Processing Modifications

Ij *Improve Filtration of Spinning Solution

(2-4 pm glass filter -* 0.1-0.2 pm PTFE filter)

Reduce Oxygen Content in Fibers

(Lower oxygen partial pressure during pyrolysis)

I
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OXYGEN ANALYSIS'

II]oym ,,,.o o
El Polydimethylsllane 0.3 -0.4

Polycarbosilano 0.3 -1.3

II UF FIBER 1.1 -2.6

Ib

II

'I -
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II Oxygen Contamination During Fiber Fabrication

I1
II * Spinning (ambient air atmosphere)

I] • Pyrolysis (ungettered furnace, nitrogen)

II

I I
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ISI C 0UF Fiber (Sutrfice)

200 400 600 800 1000 1200 1400 1600 1800 2000

KINETIC ENERGY (eV)

I pI S-

SI C UF Fiber (Interior)

S200 400 600 800 1000 1200 1400 1600 1800 2000

S~KINETIC ENERGY (oc/)
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p NlcalonT"' 1600°C In Argon
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UF fibers were prepared by dry spinning of concentrated solutions of high
molecular weight (-5,000-10,000) polycarbosilane (PC) (with spinning
aids) and subsequent pyrolysis of the polymer fibers

• No oxidative or Irradiative cross-lInking step

* Polymers solutions have excellent spinnability

e High ceramic yield after pyrolysis

0 Green and partielly-pyrolyzed fibers have good mechanical properties

e Fibers with low oxygen content (-1-2%), range of diameters (- 8-50jpm),
round cross-sections, and relatively smooth surfaces

* Average tensile strengths as high as -3.3 GPli for as-pyrolyzed fibers

* Average rupturi strain -1.5% for as-pyrolyzed fibers

* Average tensile strength as high as 2.3 GPa and average elastic modulus
as high as 250 GPa after 1500C (1 h) heat treatment In argon

* Average tensile strength as high as 1.9 GPa and average elastic modulus
as high as 235 GPa after 1700C (1 h) heat treatment In argon

I
q
I
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Ii

i FUTURE DIRECTIONS

* Optimization of Fiber Processing Conditions

I Additional Characterization of Fibers

i * • Compositional Modification/Microstructural Development

i Scale-Up

P1
!1
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II Optimization of Fiber Processing Conditions

Polymer Characteristics
PC molecular weight distribution
Spinning aid characteristics (e.g., molecular weight)
PC/spinning aid ratio

Purity

Spinning Done Characteristics
Solution rheological characteristics

II Polymer/solvent ratio
Solvent type
Purity

Spinning Process
Spinneret geometry
Extrusion pressure
Drying conditions (temperature, atmosphere, gas flow)
Winding conditions

Pvrolysis conditions
Heating schedule
Atmosphere
Continuous vs. batch process
Tensioning

I_____________
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II
Process Controls/Sensors for Ootimization of Fiber Fabrication

Metering pump

De-airing station

II In-line filtration station

Viscosity sensor

Spinneret head temperature and pressure sensors

Multistage spinning/drying chamber (temperature/atmosphere
controls)

Sensors to monitor temperature, gas composition, gas flow
rate, and fiber diameter in spinning/drying chamber

Frictionless winders

Continuous pyrolysis facility

I

I
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Fiber Characterization

If Microstructure and Properties

High temperature testing (e.g., strength, creep) In oxidizing and
non-oxidizing atmospheres

Detailed TEM analysis and compositional mapping

Fracture analysis

Suitability for Composite Fabrication

Fiber weavability

Stability under compositing conditions (e.g., high temperature/S~high pressure)

I
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Microstructural Develooment/Comnositional Modification

II

e Lower Oxygen Content

~i e Increased SI:C ratio

• Oriented Grain Structures

|1
II

*1

Ii'-
II
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MULLITE FIBER FABRICATION

METHOD #1 METHOD #2

I Aluminum Chlorohydroxide Aluminum Formoacetate
Solution Solution

Colloidal Silica
"Nitric Acid

Filtration Nitric Acid

Concentration Polymer

[Fiber awi~ing°! Filtration

Drying ] Concentrato

Fbsintering Fiber Drawing

DrDrying

ISintering
!
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Silica Sol Methods

Method #3 Method #4

Ti sec butoxy Aluminum Tri sec butoxy Ali

S2 Butanol 2-Butanol

h--•2Tethylamin
2 Butanol

Deionzed aterDeionized water
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ATOMIC LAYER DEPOUiTION (ALD)
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Repeat Steps 1.4
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* University of Florida

* Typical Reaction Scenarios

Pre-treated ProtectedIReinforcement Matrix Powders Reinforcement

**** .. ..lJ .*

Un-treated Matrix Powders Protected
Reinforcement With Ternary Element Reinforcement

B+C : .** X AB
j. .' 

I 
4.

Matrix Powders In-Situ Formed
With Ternary Element Reinforcement

Co0

AB(+O)AB

Contaminated Matrix Powders Clean Matrix AB

With Ternary Element

(Combinations of the Above

Materials Science & Engineering
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Nb-NiAl Diffusion Couple
4 Hours at 1200 C

100 -- - - - - _ _ _ _ _

90 *A

ag 80-- Nb
U - 0

"70-

* 60-

030

20-
10 -i

0 10 20 30 40
IDistance (microns)

Ehectron ticrtqxobe lineucan showing extensive

r-lcmbne Lw NLAI snatrix and untreated

U .7



I
I

I In-situ coated Nb-NiAI Diffusion Couple
100 Hours at 1200 C

100 Al 7-
90- -SNI
80- -0 Nb

W 70 - -4-0

S60I • 50

S40 -

a 30
< 20

10

I0 10 20 30 40 so
.•. .-s. • i-. .

Di~~~stiAnce-- (m~lrn• cc s.o)__

llrI -

Ii

Electron microprobe linescan showing reactively
formed alumina interface between NiA! matrix and
pretreated niobium reinforcement.



I

I 4 Point Bend Test - Chevron Notch
NiAl Matrix- Nb Filaments

........No Filaments~
60 -125 micron
50 .- 250 micron

40

I 'U30 il
"20

10 H>I
0 

I0.000 0.250 0.500 0.750 1.000

I* Displacement (mm)

SAMPLE' K1 c (MPa'qm) FRACTURE ENERGY (Jim 2)

00-000 11.03 ± 1.09 1253.6 ± 289.6

00-125 7.15 ± 1.21 1481.5 ± 183.0
00-250 12.75 ± 1.62 6794.8 ± 2157.9



I

A INTERMETALLIC

|1 MATRIX COMPOSITES

NiAI / Mo diffusion couple

NI A

9100 N
90 Mo

80 a I

3 70

10

SL& 540 AlI
o30

20 I A.
10

0 5 10 15 20 25

Distance in microns

MSIE Umfivefiy Of? Florif



A INTER METALLIC
MATRIX COMPOSITES

I Precarburized molybdenum

I.

I,7

NiAl /Mo2C IMo diffusion couple

9i
IBI MnlyofR~llEoo'



i INTERMETALLIC
MATRIX COMPOSITES

I f NiAl(+C, I Mo diffusion couple

S2 tt

I[ (a)A: Mo

B :Mo2CIz

z

30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

.I
SI)

(a) (degees

MS]F Umfva~ay B R oe C



I
I @INTERMETALLIC

MATRIX COMPOSITES

-U NiAi(+C) I W diffusion couple

I.
IJ

-I I
'NtAi(+Q)

(b) A: W
B: W2C

z A

z

I U

4•.0 50.0 60.0 70.0 80.0 90.0 100.0

2 (degrees)

1MTniyo nri
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* @INTERMETALLIC

MATRIX COMPOSITESI
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* @INTERMETALLIC
MATRIX COMPOSITES
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side of the picture is close to the sample surface. T'he phases preet

indicate this area is poorer in silicon.
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i PROCESSING OF CERAMIC-MATRIX COMPOSITES

I
e FIBER DEVELOPMENT

I o MATRIX DEVELOPMENT

e COMPOSITE FABRICATION

I,
I1
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I
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IAnnwnggha

i Viscous Processing

I Infiltration Processing

I

Potential Advantages

1 *Near Net Shape Fabrication

I High Relative Density (Low Porosity)

I * Low Processing Temperatures
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CERAMICS AND COMPOSITES PREPARED BY VISCOUS AND
I TRANSIENT VISCOUS SINTERING OF SIUICA,-COATED PARTICLESIii

I
MULLITE

SILICA/ALUMINA

MULLITE/ALUMINA

MULLITE/SIUCA

MULLITE/ZIRCONIA

I "MULLITE/SILICON CARBIDE PARTICLES

MULLITE/SIUCON CARBIDE WHISKERS

SIUCA/SIUCON NITRIDE

SIALON (pt0, J PHASES)

SIALON/ALUMINA

SIALON/SIUCON NITRIDE

U
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Recent Develooments in Viscous ProcessingI

I * Pressure-Assisted Transient Viscous Sintering (PATVS)
(fiber-reinforced composites)I

i Seeded Phase Transformations
(lower processing temperatures, finer-grain microstructures)

IU * Microcomposite Particles with Multicomponent Coatings
(expanded range of compositions, lower processing temperatures)

11

Ii

'-



N to

ce~ a

* aA

00

A l~

N

CL
o0
AS

Q1 0 Q cc

Q w Co0 10 t

mO C4 C4

(8dii) SSMILS



I
I
I
U
II

I
I

II
I'
U.

II
Ii
I

I
U



I
so74 w t2 A '203/ w t% S 10 

1300 C Hot Pr o "

7010 vol% SIC Flbem

II6
50

* 040

20

10

00 5 10 15 20 25 30 35 40 48 s0

TIME (min)

74 wt% AI20 3 / 26 wt% S102 13009C Hot Press

10 vol% SIC F•be

7 -

16

w

a.3

0
0 0 15 20 25 30 35 40 45 501 0 10TIME (mmn)



I
I
I

II



I
I
I
I'
If
I

I! -- • -- •

I , """"I"••.- :-•- ,•. - w - .--

I. -, .7.• •

III

I,!
I'

Ii



:10

INA

IIt

IIq



I
I

U Recent Developments in Viscous Processing

I
* Pressure-Assisted Transient Viscous Sintering (PATVS)

(fiber-reinforced composites)

Seeded Phase Transformations
(lower processing temperatures, finer-grain microstructures)

* Microcomposite Particles with Multicomponent Coatings
(expanded range of compositions, lower processing temperatures)!
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Recent Develooments in Viscous Processing

* Pressure-Assisted Transient Viscous Sintering (PATVS)
- (fiber-reinforced composites)

Seeded Phase Transformations
(lower processing temperatures, finer-grain microstructures)

* Microcomposite Particles with Multicomponent Coatings
(expanded range of compositions, lower processing
temperatures)
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I

keactive Infiltration of Metals (RIM)

Ii

* Densification with little or no shrinkage

e SIC-based composites with little or no residual metal

* Low temperature infiltration of carbon precursor and high
temperature infiltration of silicon alloy.
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I SUMMARY

IiViscous Processin of Mlcrocomoote Particles

I i• Fabrication of a Wide Range of Ceramics, Glass/Ceramic
Composites, and Ceramic/Ceramic Composites

• Low Temperature Densification by Viscous Flow

1lUnique Microstructures (e.g., High Volume Fraction ofI' Well-Dispersed Inclusions)
• Hot Forming of Shapes

Reactive Infiltration of Metals

SI SC-Based Composites with Low Residual Si Content

* High Density (Low Porosity) Achieved without Shrinkage

I I
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I

Ii

a. Scanning electron micrograph of the fracture surface of a
laminate illustrates the crack renucleation created beneath the ductile
layer at B, after fracture started at A.

I1 A Additional force for crack4W - renucleation

300

S100

0100k" 200 "-H•. i,

Displacement (Wrni

b. Load-displacement curve shows an interruption at B
due to crack renucleation during load drop.

Figure 13. Scanning clectron imicrograph and graph iliustraic (:-ruck rcn11,(kihutio

in a laminate.
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